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i 
Abstract 
 
The anthropogenic abundance of reactive nitrogen (N) forms has increased in the 
last few decades, increasing food production, but also resulting in increased 
eutrophication, algae blooms, loss of biodiversity, and greenhouse gas (GHG) 
emissions, in aquatic and terrestrial ecosystems. Denitrification beds are one 
approach to return this reactive N back to the atmosphere. These beds are large 
containers filled with a carbon (C) substrate, often wood byproducts. This 
substrate acts as a C and energy source for denitrifiers to reduce nitrate (NO3-) 
from point source discharges into non-reactive dinitrogen (N2) gas. This study 
investigated the biological mechanisms, controlling factors and adverse effects of 
NO3- removal in a woodchip denitrification bed (176 m x 5 m x 1.5 m) treating 
glasshouse effluent, and in barrels (0.2 m3) testing alternative carbon substrates 
for use in denitrification beds (pine and eucalyptus woodchips, sawdust, green 
waste, maize cobs and wheat straw). Furthermore, different techniques for 
measuring denitrification rates were compared and an approach for determining 
reliable NO3- removal rates in denitrification beds was developed.  
 
The NO3--N removal rates of the large denitrification bed averaged 7.6 g N m-3 
bed volume d-1 and increased with increasing temperature (Q10 = 2.1). Microbial 
denitrification was the main NO3- removal mechanism in the denitrification bed 
and was always limited by C, rather than by NO3- availability. Dissimilatory 
nitrate reduction to ammonium (DNRA) and anammox were likely minor 
processes due to low ammonia (NH4+) and nitrite (NO2-) concentrations 
throughout the bed. Sulfate (SO42-) reduction, and methanogenesis, could not 
compete with NO3- reduction for C due to continuously high NO3- concentrations 
ii 
in the bed (>37 mg N L-1). Aerobic processes dominated in the first few meters of 
the bed and close to the surface, but dissolved oxygen (DO) concentrations 
decreased rapidly along the bed from the inlet and remained low throughout most 
of the bed.  
 
There were some adverse effects observed in the denitrification bed associated 
with NO3- removal. About 4.3% of NO3--N removed from the bed was released as 
nitrous oxide (N2O), but methane (CH4) emissions from the surface of the bed 
were very low. A total of 35.4 kg d-1 of carbon dioxide (CO2) was released from 
the bed, but was not considered to contribute to a net increase in CO2 
concentrations of the atmosphere as the substrate (woodchips) used in the bed 
would likely decayed to CO2 if used for other purposes. A net dissolved organic 
carbon (DOC) loss from the outlet was not detected. Longevity of the C substrate 
of the denitrification bed to support denitrification was about 39 years as 
calculated from the total C losses (CO2 emissions and release of dissolved CO2 
and DOC from the bed). 
 
In a barrel study of different carbon substrates, NO3- removal was predominantly 
limited by C availability and temperature (Q10 = 1.2) when NO3--N concentrations 
were above 1 mg L-1. All C substrates showed high numbers of denitrification 
genes (nitrite reductase, nirS and nirK; nitrous oxide reductase, nosZ), providing 
further support that microbial denitrification was responsible for NO3- removal. 
Substrates incubated at 27.1 °C had greater ratio of nir/nosZ genes than substrates 
incubated at 16.8 °C, which was possibly a partial explanation for higher N2O 
production in the warmer barrels. Wheat straw released 10% of NO3--N removed 
as dissolved N2O, while all other carbon substrates released on average about 
iii 
1.4% of the removed NO3--N as dissolved N2O. Methane production occurred 
when NO3- concentrations were below 2 mg L-1 in the barrels. Maize cobs 
removed about 2.5 times more NO3- than woodchips, but released total organic 
carbon (TOC) in the outflow and a substantial portion of C was likely consumed 
by non-denitrifiers. Woodchips had low adverse effects and provided ideal 
conditions for denitrifiers determined by the relatively high ratio of denitrification 
gene copies/16S rRNA copies compared to the other C substrates examined. 
 
Investigating different approaches to determine denitrification rates revealed that 
both the acetylene inhibition method and the copy number of nitrite reductase 
genes (nirS, nirK) were useful for comparative estimations of NO3- removal rates 
between different carbon substrates and temperatures. However, neither approach 
could be used to quantify actual rates of denitrification. The acetylene inhibition 
method overestimated the actual NO3- removal rate by five fold. An in situ push-
pull test using enriched 15NO3- was useful for determining denitrification rates at 
one specific point in a denitrification bed but would require multiple testing sites 
to obtain an average rate of NO3- removal for the bed. Comparing the ratio of the 
slopes of natural abundance 15N-N2 and 15N- NO3- along the length of the bed 
determined the portion of NO3- removed by microbial denitrification, but not the 
denitrification rate. Measurements of dissolved N2 concentration along the length 
of the bed were a useful approach to determine denitrification rates. This last 
approach was rapid and produced relatively accurate rates of NO3- removal 
compared to the other approaches conducted in this study.  
 
In summary, denitrification beds are an efficient approach for removing NO3- 
from point source discharges, but the beds do produce some N2O. Woodchips 
iv 
could be combined with maize cobs to enhance NO3- removal rates while keeping 
adverse effects low in denitrification beds. Measurement of N2 concentrations 
along the length and water flow of the bed was the most appropriate approach to 
determine denitrification rates of denitrifying bioreactors, and may also be useful 
in other ecosystems with high NO3- concentration and even flow.  
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1.1 Introduction 
 
Nitrogen (N) is essential for life along with carbon (C), phosphorus (P), oxygen 
(O), sulphur (S) and a range of micro nutrients. The global mass of N is greater 
than the mass of these other four major elements (Mackenzie, 1998); however, 
most of this N is stored in its non reactive diatomic form (N2) in the atmosphere. 
Natural processes that convert N2 into reactive N forms are lightning and 
microbial N2 fixation (Fig. 2.1). Reactive forms of N include ammonium (NH4+), 
nitrite (NO2-), nitrate (NO3-), nitrous oxides (NO, N2O), nitride and organically 
bound N. As a consequence of low availability in reactive forms, N often limits 
biological processes in a wide variety of ecosystems. During the last few decades, 
inputs of reactive N forms have rapidly increased on global and regional scales 
due to anthropogenic activities (Galloway et al. 2003; Galloway et al., 2004). 
Galloway et al. (2003) estimated that human-induced inputs of reactive N 
increased by 225% between 1970 and 2000, and Canfield et al. (2010) calculated 
that the anthropogenic production of reactive N contributed 45% of the total N 
fixation (conversion of N2 into reactive N forms) on Earth in 2008, through the 
Haber Bosch process (30%; 135.8 Tg N year-1), cultivation of N-fixing crops 
(10%; 46.2 Tg N year-1) and combustion of fossil fuels (5%; 25.2 Tg N year-1). 
The increase in reactive N production to support agriculture was necessary to feed 
the increasing human population in the 20th century (Galloway et al., 2004). 
However, abundance of reactive N in ecosystems, especially terrestrial and coastal 
surface waters, has lasting adverse effects, such as eutrophication, acidification, 
hypoxia, algae blooms and loss of biodiversity (Vitousek et al., 1997; Howarth et 
al., 2000; Rabalais, 2002; Phoenix et al., 2006). A further important adverse effect 
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is the emission of nitrous oxide (N2O) from land and water surfaces. Beaulieu et 
al. (2011) estimated that rivers emitted about 10% of the global anthropogenic 
N2O. Nitrous oxides contribute to the greenhouse effect (IPCC, 2006), 
stratospheric ozone depletion (IPCC, 2006), production of tropospheric ozone 
(Crutzen, 1974), and increases in ozone concentrations in rural environments 
(Finlayson-Pitts and Pitts, 1986). These adverse effects have multiple 
environmental consequences (droughts, flooding, storms, etc.) (IPCC, 2006), 
affects human health (increases in rates of cancer, cardiac and respiratory 
diseases) (Wolfe and Patz, 2002), and harms plant growth (Mauzerall and Wang, 
2001). Therefore, the need to reduce the production of reactive N and to develop 
strategies to convert unwanted reactive N in the environment back to N2 is 
essential.  
 
There are several approaches for reducing the N load into receiving aquatic 
environments. Sophisticated technological approaches for removing N, which are 
frequently used in wastewater treatment plants and septic tank systems, are often 
expensive and/or require ongoing maintenance (Oakley et al., 2010). Passive N 
removal technologies include constructed wetlands, riparian buffers, wastewater 
treatment ponds and denitrifying bioreactors (Schipper et al., 2010a). Riparian 
buffer zones and constructed wetlands are widespread approaches for removal of 
N from nonpoint source (e.g. runoff from agricultural areas and stormwater), and 
point source discharges (e.g. farm drains, commercial and domestic 
effluents)(Dinnes et al., 2002; Vymazal, 2006). Nitrate (NO3-) removal in riparian 
buffers occurs by dilution, plant uptake (assimilation) and denitrification (Dinnes 
et al., 2002). Constructed wetlands were first studied by Seidel (1953) in Germany 
(Campbell and Ogden, 1999). Sub-surface wetlands with horizontal flow showed 
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Fig. 1.1 Gas sampling by Sören at a large denitrification 
bed receiving effluent from a glasshouse in Karaka (NZ)
substantial nitrite (NO2-) and NO3- removal (Vymazal, 2006). However, a 
substantial portion of N is removed only temporarily by plant uptake and wetland 
vegetation may need continuous maintenance (Vymazal, 2006). Furthermore, 
Teiter and Mander (2005) measured relatively high N2O and methane (CH4) 
emissions from constructed wetlands and riparian buffers. Wastewater ponds 
generally have low NO3- removal rates (Lorch et al., 1992). Nevertheless, these 
systems are useful for decreasing N in waters, but other remediation systems need 
to be developed that have greater N removal and are easy to construct and 
maintain.  
 
Recently, denitrification beds (Blowes et al., 1994; Robertson et al., 2005; 
Schipper et al., 2010b) have increasingly been used to remove NO3- from point 
source discharges due to relatively high rates of NO3- removal, low installation 
costs and relatively low maintenance requirements compared to other NO3- 
removal systems (Schipper et al., 2010a). Operational denitrification beds have 
been installed in New Zealand, Canada and USA (Table 2.1). 
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Denitrification beds are large containers filled with carbon substrate 
(predominantly wood byproducts) with an effluent inlet at one end and an outlet at 
the other end (Fig. 1.1). The effluent passes through the C substrate, which acts as 
an electron donor and C source for denitrifying bacteria to convert NO3- to N2O 
and N2 gases (Seitzinger et al., 2006). Different C substrates have been examined 
in laboratory studies to determine the most suitable material for large scale 
denitrification beds, which are currently operating predominantly with wood 
byproducts (Gibert et al., 2008; Cameron and Schipper, 2010). Wood byproducts 
generally have a high C/N ratio, high permeability, long persistence and are 
commercially available at low costs (Robertson and Anderson, 1999). Cameron 
and Schipper (2010) proposed that the NO3- removal rate does not depend on 
grain size and constitution (soft or hard) of the wood byproduct. There are many 
studies reporting NO3--N removal rates in denitrification beds (Robertson et al., 
2005; Van Driel et al., 2006; Robertson and Merkley, 2009; Robertson et al., 
2009; Schipper et al., 2010b; Robertson, 2010; Moorman et al., 2010; Elgood et 
al., 2010; Woli et al., 2010). Rates ranged from 1.8 g N m-3 d-1 (Robertson et al., 
2005) to 9.7 g N m-3 d-1 (Schipper et al., 2010b; Table 2.1). These rates vary 
widely because of differences in effluent composition, temperature and specific 
site conditions. Additionally, measuring NO3- removal rates can be difficult and 
imprecise because of temporal variability in flow rates and inlet NO3- 
concentrations (Schipper et al., 2010a). Therefore, it is important to develop a 
reliable approach for measuring NO3- removal rates in denitrification beds. 
 
Studies have generally assumed that NO3- removal in denitrification beds is 
mainly due to microbial denitrification, and that NO3- removal due to 
dissimilatory NO3- reduction to ammonium (DNRA), anammox and 
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microbial/plant immobilization are minor processes (Robertson et al., 2000; 
Greenan et al., 2006; Greenan et al., 2009; Robertson, 2010; Schipper et al., 
2010a), but direct evidence of the relative importance of microbial denitrification 
is lacking.  
 
In many ecosystems, the limiting factors of denitrification are temperature, C 
availability, pH, NO3-, and dissolved oxygen (DO) concentration (Seitzinger et al., 
2006). These factors are also important controllers of N2O emissions 
(Kampschreur et al., 2009). However, little is known about the importance of 
these factors for NO3- removal and N2O emissions in denitrification beds. Some 
studies have reported increases in NO3- removal with increasing temperature in 
denitrification beds and also in column studies using wood byproducts (Robertson 
et al., 2008; Robertson et al., 2009; Elgood et al., 2010; Cameron and Schipper, 
2010). Healy et al. (2006) observed that DO above 3.7 mg L-1 reduced the NO3- 
removal rate in laboratory experiments, and Elgood et al. (2010) reported that 
high DO concentrations increased the N2O production. Competition by SO42- 
reducers for C has also been reported (Robertson et al., 2009: Robertson, 2010; 
Elgood et al., 2010). It is important to determine all factors limiting NO3- removal 
in denitrification beds to enhance the NO3- removal of the beds and to reduce the 
adverse effects. 
 
There have also been few studies examining potential adverse effects (GHG 
production, carbon release) arising from the use of denitrification beds. Moorman 
et al. (2010) and Elgood et al. (2010) measured dissolved N2O in denitrification 
walls/beds, but did not measure fluxes of N2O from the bed to the atmosphere. 
Dissolved methane was detected by Elgood et al. (2010) when NO3- concentration 
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was low in the bioreactor. Finally, the release of dissolved carbon was detected 
predominantly during the start up phases of C substrate column studies (Soares 
and Abeliovich, 1998; Greenan et al., 2009; Cameron and Schipper, 2010). Excess 
discharges of dissolved carbon to receiving waterways could potentially degrade 
these ecosystems by reducing dissolved oxygen (DO) concentrations (Cox et al., 
2003). It is important to quantify all the potential adverse effects of operational 
denitrification beds to determine the overall benefits of these beds, and to develop 
strategies to reduce any unwanted effects. 
 
1.2 Objectives of this thesis 
 
The specific objectives of this thesis were to: 
 
a. Determine the NO3- removal rate in a large denitrification bed over a 12 
month period and determine whether denitrification was the main 
mechanism for NO3- removal; 
 
b. Determine the environmental factors limiting NO3- removal and quantify 
any adverse effects in a large denitrification bed and for different carbon 
substrates; 
 
c. Determine the most suitable natural C substrate for growth of denitrifying 
bacteria; 
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d. Estimate the lifetime of the C substrate in a denitrification bed, and the C 
use efficiency of the NO3- removal in a denitrification bed. 
 
e. Develop a more reliable approach for measuring NO3- removal rates in 
operational denitrification beds; 
 
1.3 Thesis outline 
 
The six chapters of this PhD thesis are divided in Introduction (Chapter I), 
Literature Review (Chapter II), three research chapters (Chapter III to V) and a 
final overarching conclusion with recommendations for future work (Chapter VI). 
Research chapter III “Rates, controls and potential adverse effects of nitrate 
removal in a denitrification bed” addresses objectives a, c and e and was 
published in Ecological Engineering (2011) 37, 511-522. Chapter IV “Nitrate 
removal, communities of denitrifiers and adverse effects in different carbon 
substrates for use in denitrification beds” was published in Water Research (2011) 
45, 5463-5475 and addresses objectives c and d. Finally, chapter V “A 
comparison of different approaches for measuring denitrification rates in a nitrate 
removing bioreactor” addresses objectives a and b. This last research chapter was 
published in Water Research (2011) 45, 4141-4151. 
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2.1 General overview 
 
In order to understand nitrate removal in denitrification beds within a broader 
context this literature review provides a general introduction to the nitrogen cycle 
(2.1.1.) and the denitrification process (2.1.2.). Then methods for quantifying 
denitrification are outlined (2.1.3.) before reviewing denitrification beds in greater 
detail (2.2.). 
 
2.1.1 Nitrogen cycle 
 
Nitrogen is a fundamental component of nucleic acids and proteins and thus 
essential for any form of life (Canfield et al., 2010). Nitrogen is composed of the 
stable isotopes 14N and 15N, with the majority of atmospheric N being 14N 
(99.6337%) (Junk and Svec, 1958). The nitrogen cycle is dominated by microbial 
transformations of the N compounds (Fig. 2.1; Steinbüchle et al., 2003). Most of 
nitrogen is stored as N2 gas in the atmosphere. This non-reactive form is 
unavailable to most organisms, but can be converted into reactive N via two 
natural processes; lightning and microbial N2 fixation. Apart from N2, all the other 
N compounds are considered reactive forms of N (Fig. 2.1; Galloway et al., 2003; 
Galloway et al., 2004). Nitrogen (N2) fixation was first described by Sergej 
Winogradsky (1895) in the strain Clostridium pasteurianum which reduces N2 to 
NH4+ using a nitrogenase enzyme system. Symbiotic and free living bacteria are 
capable of N2 fixation under aerobic and anaerobic conditions (Steinbüchel et al., 
2003). In 2008, the total natural N2 fixation globally was about 250 Tg N year-1 
while the anthropogenic fixation of N2 (Haber Bosch process, N fixing crops and 
combustion of fossil fuels) accounted for about 207 Tg N year-1 (Canfield et al., 
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2010). There are a wide range of microbial transformations of N. Organisms 
assimilate NH4+ to build up biomolecules and the mineralization of organic 
material releases NH4+. Some gram positive bacteria (Nitrosomonas- and 
Nitrobacter species) may oxidize NH4+ to NO3- under aerobic conditions 
(nitrification) (Fig. 2.1).  
 
Fig. 2.1 Nitrogen cycle (modified after Steinbüchel et al., 2003). Blue broken 
arrows, aerobic process; red arrows, anaerobic process; Roman numerals, 
oxidation number of nitrogen in the compound.  
 
The nitrification processes provide NO3-, which act as an electron acceptor for 
further reduction processes such as anammox, dissimilatory NO3- reduction to 
NH4+ (DNRA), assimilatory NO3- reduction and denitrification (Steinbüchel et al., 
2003) (Fig. 2.1). Other organisms reduce NO3- to NH4+ (assimilatory NO3- 
reduction) for N assimilation and conversion to organic N compounds. This 
differs from the DNRA process, where facultative anaerobes reduce NO3- to NH4+ 
to oxidize their electron carrier (Tiedje, 1988). Anammox bacteria convert 
autotrophic NO2- and NH4+ into the non-reactive N2 gas. There are three known 
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genera of anammox bacteria (Candidatus Brocadia, Candidatus Kuenenia and 
Candidatus Scalindua). Anammox bacteria produce at least 25 - 30% of total N2 
in the oceans, but their role in terrestrial ecosystems is not well understood 
(Brandes et al., 2007). Microbial denitrification is the other process, which 
converts NO3- to N2 completing the N cycle (Tiedje, 1988). Many bacteria and 
some fungi can use NO3-, NO2- and N2O as electron acceptors under anaerobic 
conditions for denitrification. There are also abiotic processes that convert N 
(organic and inorganic) into N gases (N2, N2O and NO) such as chemo-
denitrification, but these are generally minor processes occurring containing 
acidic (pH < 5) or frozen soils with high concentrations of nitrite (Tiedje, 1988; 
Van Cleemput et al., 1998; Christianson and Cho, 1983). 
 
2.1.2 The denitrification process 
 
Microbial denitrification is the dominant process on Earth by which NO3- is 
converted to non-reactive N2. In 2008, the denitrification rate in oceans and 
terrestrial systems was estimated to be about 240 Tg N year-1 and 100 Tg N year-1, 
respectively, which when combined was almost the same as the mass of N fixed 
by microorganisms (Canfield et al. 2010). 
 
Denitrification is an anaerobic process, which has NO2-, nitrogen monoxide (NO) 
and nitrous oxide (N2O) as intermediates (Fig. 2.2). Nitrogen monoxide is very 
reactive and reacts with oxygen to form N2O (Tiedje, 1988).  
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The use of NO3- as an alternative to O2 as terminal electron acceptor is common in 
bacteria, and between 1 – 10% of bacteria are capable of denitrification (Schmider 
and Ottow, 1984). Denitrifiers are widely distributed in bacteria including 
Actinobacteria, Proteobacteria phyla, Bacteroides, Aquificae, Firmicutes, and 
Deinococcus- Thermus (Zumft 1997). Malinowsky and Ottow (1985), Shoun et al. 
(1992) and Tanimoto et al. (1992) have also observed denitrification in some 
fungal species and denitrification was observed in Archaea by Philippot (2002). 
 
The enzymes NO3- reductase, NO2- reductase, NO reductase and N2O reductase 
catalyse the reduction of NO3- to N2 (Fig. 2.2). The denitrification genes 
responsible for NO3- reduction (nar), NO2- reduction (nir), NO reduction 
(nor),and N2O (nos) reduction are often assembled in clusters and are localised on 
different gene sets than the NO3- reduction genes of the assimilation process 
(Zumft et al., 1997). The NO2- reductase genes, nirS and nirk and the N2O 
reductase gene nosZ have highly conservative regions. Therefore, these genes 
have been used as important markers for denitrification. The gene nirS expresses 
the cytochrome cd1-containing nitrite reductase, nirK expresses the cooper-
2e- 2e- 2e-4e- 
NO3- reductase N2O reductase NO2- reductase NO reductase 
2NO3-  2NO2- 2NO  N2O  N2  
Corg.  
H2S, S,  
H2  
CO2  
SO42 - 
H2O  
Fig. 2.2 Reduction of nitrate to non-reactive nitrogen gas (N2) with the involved 
enzymes and the potential electron donors (modified after Steinbüchel et al, 2003).
Fe2+, Mn2+ Fe3+, Mn3+ 
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containing nitrite reductase and nosZ expresses the nitrous oxide reductase (Zumft 
et al., 1997; Braker et al., 1998). 
 
Denitrifying bacteria have been identified in all three major physiological groups, 
which can use organic compounds (organotrophs), inorganic compounds 
(lithotrophs) and light (phototrophs) as electron donors (Fig. 2.2) (Tiedje, 1988) 
and occur in all ecosystems when the following requirements are met (Firestone 
and Davidson, 1989): 
• presence of bacteria capable of nitrate reduction (denitrifiers are considered 
ubiquitous), 
• availability of electron donor (e.g. microbially available carbon, H2S, S, H2 or 
light), 
• low levels of oxygen, and 
• supply of nitrate, nitrite or nitrous oxides which act as electron acceptors. 
 
In ecosystems, the denitrification process can be limited by temperature, C 
availability, pH, NO3- and/or dissolved oxygen (DO) concentrations (Seitzinger et 
al., 2006). These factors may also contribute to incomplete denitrification, which 
increases the release of N2O as an intermediate of denitrification (Kampschreur et 
al., 2009). For example, S2- inhibits the N2O reductase followed by N2O release 
(Sörensen et al., 1980), high NO3- and low pH increase the N2O/N2 emission ratio 
(Blackmer and Bremner, 1978; Soto et al., 2006). Warmer temperatures 
(Johansson et al., 2003; Teiter and Mander, 2005) and low C/N ratios both 
enhance the N2O emissions (Huang et al., 2004; Hunt et al., 2007). N2O is of 
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concern because it is a potent greenhouse gas contributing to the greenhouse 
effect and stratospheric ozone depletion (IPCC, 2001). 
 
2.1.3 Quantifying denitrification 
 
It is important to quantify denitrification rates to determine the conversion of 
reactive N to non-reactive N2 in a range of ecosystems and in technological 
approaches that enhance denitrification for water treatment (riparian buffers, 
constructed wetlands, denitrifying bioreactors etc.) to remove N from a range of 
different sources (groundwater, streams, drains, wastewater etc). However, the 
high background concentration of N2 in the environment makes direct 
measurement of the main end product (N2) of denitrification very difficult 
(Groffman et al. 2006).  
 
The following range of techniques has been used to measure denitrification rates 
in terrestrial and aquatic environments in the past. 
 
a) Nitrate removal 
 
Quantifying the denitrification rate by measuring the decrease in NO3--N 
concentration is often unsatisfactory because NO3- can be removed by various 
mechanisms such as DNRA, assimilation, anammox, precipitation and absorption. 
Furthermore, varying sources of NO3--N (groundwater, multiple surface water 
inlets) and varying NO3--N inlet concentrations over time can cause incorrect 
estimations of NO3--N removal data. When NO3--N removal is calculated as the 
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difference in NO3--N concentration at the inlet and outlet, the NO3- measured in 
examined water at the outlet likely represents the inlet water at some time before 
the sampling date (Schipper et al., 2010a). However, some studies have assumed 
that denitrification was the mechanism responsible for the NO3--N removal. 
Consequently these studies suggested that the NO3--N removal rate was identical 
with the denitrification rate (Robertson et al., 2000, Greenan et al., 2009; 
Moorman et al., 2010). 
 
b) Changes in natural abundance of 15N (δ15Ν) in NO3- and N2 
 
Both biotic and abiotic mechanisms alter the natural 15N/14N ratio (expressed as 
δ15N) in ecosystems and different N conversion mechanisms result in distinct δ15N 
signatures in these environments (Bedard-Haughn et al., 2003). Many studies 
have used these signatures to determine the source of N or to track N within an 
ecosystem (Kreitler and Browning, 1983; Wassenaar, 1995; Karr et al., 2001), 
even though the variability of δ15N due to ongoing fractionation of 15N/14N make 
this kind of study difficult (Robinson, 2001). Denitrification increases δ15N-NO3- 
and decreases δ15N-N2 due to discrimination against 15N during denitrification 
(Mariotti et al., 1981). This natural fractionation of 15N/14N of the NO3- is 
described by a fractionation factor. After reviewing 15 different studies, Bedard-
Haughn et al. (2003) calculated a median fractionation factor of 1.0185 for 
denitrification equivalent to an enrichment of 15N-NO3- by 18.5 ‰. There was 
also the successful attempt from Erler and Eyre (2010) to estimate denitrification 
rates using the natural fractionation of 15N-NO3- in a constructed wetland.  
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c) Acetylene block 
 
The most commonly used technique to measure denitrification rates is the 
acetylene inhibition method (Groffman et al., 2006). Acetylene inhibits the 
reduction of the nitrous oxide during denitrification. Accumulation of N2O can be 
easily measured via gas chromatography, because background concentration of 
N2O is relatively low (Tiedje et al., 1989). However, there are a range of problems 
arising from the acetylene inhibition technique for quantifying denitrification 
rates. Acetylene can act as a carbon source for microorganisms (Kanner and 
Bartha, 1979; De Bont and Peck, 1980; Tam et al., 1983; Schink, 1985) and 
inhibits nitrifiers, which lead to a lack of NO3- production constraining NO3- 
supply to denitrifiers (Mosier et al., 1980; Walter et al., 1979). Furthermore, the 
acetylene-inhibition technique is generally performed in laboratory, which creates 
artifical conditions (e.g., constant temperature, shaking), that encourage 
denitrifiers and do not reflect the in situ denitrification rate. In situ measurements 
of denitrification rates using acetylene and soil chambers were evaluated by 
Ryden and Dawson (1982), but this approach is very labour intensive and is also 
subject to some problems described before. Therefore denitrification 
measurements via acetylene inhibition technique are not always accurate, but are 
most useful for comparing denitrification activity between different sites and 
seasons (Groffman et al., 1992; Groffman et al., 2006).  
 
d) 15N enrichment 
 
Addition of 15N is used to track N in ecosystems and to determine the rate of the 
N-cycle processes (Nadelhoffer and Fry, 1994). Hauck and Melsted (1956) 
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directly quantified denitrification in soils following addition of 15N-labelled NO3- 
and measurement of the production of 15N-N2 and oxides of 15N in a closed 
system. Hauck and Melsted (1956) recovered between 89 and 100% of N in the 
system using this 15N enrichment technique. More recently, enrichment with 15N 
has been used to determine denitrification rates in water-saturated environments 
using the push-pull method, where a solution of 15N-labelled NO3- is injected into 
the area of interest and subsequently pulled out during an incubation period (Addy 
et al., 2002). The denitrification rate can then be determined by measuring the 
decrease of 15N-NO3- or the increase of 15N-N2 relative to the conservative tracer 
(Hauck and Melsted, 1956; Addy et al., 2002; Baker and Vervier, 2004). 
Moorman et al. (2010) used this approach in a woodchip bioreactor and measured 
the decline of 15N-NO3- concentration. The decline in 15N-NO3- was attributed to 
denitrification, DNRA, anammox and/or biological uptake (immobilization). In 
general, the push-pull test is most appropriate in environments where NO3- is not 
limiting denitrification, otherwise adding NO3- may increase the denitrification 
rate (Groffman et al., 2006). When bromide is used as conservative tracer plant 
uptake has to be considered (Schnabel et al., 1995). For accurate measurements, 
the increase in denitrification products (15N-N2 and 15N-N2O) should be measured 
(Groffman et al., 2006). 
 
e) Direct N2 measurement 
 
The direct measurement of N2 emission would likely be the most accurate 
measurement approach, but is generally not possible due to the high background 
concentrations of N2 in most environments. Butterbach-Bahl et al. (2002) 
successfully measured N2 production from soils in N2-free boxes, which was 
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extremely time consuming and was still prone to atmospheric N2 contamination. 
In aquatic environments, denitrification rates can be calculated from the increase 
in dissolved N2 concentrations (Blicher-Mathiesen et al., 1998) or the ratio of 
dissolved N2/Argon (Laursen and Seitzinger, 2002). Blicher-Mathiesen et al. 
(1998) successfully measured the denitrification rate in the groundwater samples 
of a riparian wetland. They sampled groundwater along the groundwater-flow 
path in sealable vials and introduced helium gas headspaces, which were analysed 
for N2 after headspace equilibrium of the dissolved gases. Similarly, Laursen and 
Seitzinger (2002) estimated denitrification rates of three small rivers using 
membrane inlet mass spectrometry (MIMS) that measured increases in dissolved 
N2/Argon of water down the length of the river.  
 
This range of approaches for measuring denitrification should be tested in a 
denitrification bed to determine the denitrification rates of the bed and to compare 
the usefulness of each method for application in denitrification beds. 
 
2.2 Denitrification beds 
 
Excess NO3- in ecosystems can cause eutrophication, acidification, hypoxia, algae 
blooms, loss of biodiversity and N2O emission (Vitousek et al., 1997; Howarth et 
al., 2000; Rabalais, 2002; Phoenix et al., 2006). Denitrification beds and walls 
along with a number of other passive approaches (constructed wetlands, riparian 
buffers, wastewater ponds) are simple low maintenance techniques for removing 
NO3- from water to reduce this wide range of impacts on terrestrial and aquatic 
environments. Denitrification beds were designed for treating surface point 
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discharges while denitrification walls were designed for treating ground water 
(Schipper et al., 2010a). Denitrification beds are containers predominantly filled 
with organic carbon-rich media, commonly wood byproducts such as woodchips 
and sawdust (Fig.1.1), which act as carbon source for denitrifying bacteria. The 
effluent passes through the wood byproducts of the bed from the inlet to the outlet 
(Schipper et al., 2010a). Wood by-products are used because of their high C/N 
ratio, commercial availability, low original costs, high permeability and long 
persistence (Robertson and Anderson 1999). Blowes et al. (1994) were the first to 
demonstrate NO3- removal from effluent in a denitrification bed. Blowes et al. 
(1994) treated successfully tile-drainage effluent using a 200 L denitrification bed. 
Today, denitrification beds have been constructed in Canada, USA and New 
Zealand to treat a wide range of point source discharges including streams, 
greenhouse wastewater, dairy farm wastewater, farmland groundwater, tile 
drainage, municipal effluent (Table 2.1). However, the mechanisms and factors 
controlling NO3- removal and potential adverse effects of these bioreactors are 
poorly examined. 
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Table 2.1 Global overview of the performance of denitrification beds 
Location Year 
built 
Type of 
effluent 
Bed 
volume 
(m3) 
NO3--N 
input   
(g m-3) 
Average NO3--
N removal 
(g N m-3 d-1) 
Reference 
New Zealand       
Kinloch  2003 municipal 600 5.5 0–11a Schipper et al., 
2010b 
Bombay  2005 greenhouse 360 250 5-10 bNZ Hothouse 
Ltd. 
Rotuehu  2005 stream 20 2.2 2a bLandcare Res. 
(NZ) 
Dargaville  2005 dairy farm 78 53 1.4a Schipper et al., 
2010b 
Karaka  2006 greenhouse 1320 250 9.7 Schipper et al., 
2010b 
Motutere  2007 municipal 210 cNo 
data 
cNo data bTaupo 
Council (NZ) 
Tikitere  2010 geothermal 
stream 
200 cNo 
data 
cNo data bRotorua 
Council (NZ) 
Canada       
Waterloo 
 
1994 drainage tile 1.9 5 10 Robertson et 
al., 2000 
Ontario  1997 house 
effluent 
9 17 1.8a Robertson et 
al., 2005 
Ontario  1998 trailer park 
effluent 
108 38 2.4a Robertson et 
al., 2005 
Ontario  1999 motel 
effluent 
360 14 5.1a Robertson et 
al., 2005 
Ontario  1999 municipal 120 35 2.5a Robertson et 
al., 2005 
Ontario 
 
2001 drainage tile 17 10 3.4 Robertson et 
al., 2009 
Woodstock  2002 farmland 
groundwater 
0.7 9 2.1 van Driel et 
al., 2006 
London  2003 farmland 
groundwater 
0.2 13 3.7 van Driel et 
al., 2006 
Stratford  2006 stream 40 5 3.2 Robertson and 
Merkley, 2009 
Stratford  2006 stream 40 0.3 – 
5.8 
0.3 – 2.5 a Elgood et al., 
2010 
USA       
DeLand  2007 drainage tile 77 2.8 – 
18.9 
6.4a Woli et al., 
2010 
aNitrate were depleted in these denitrifying bioreactors and NO3- removal rate was likely 
conservative; 
bData kindly provided by this institution;  
cData not available yet.  
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2.2.1 Nitrate removal and denitrification  
 
2.2.1.1 Nitrate removal rates 
 
The primary means for determining the usefulness of denitrification beds is the 
measurement of nitrate removal rates of different beds under a range of 
conditions. Nitrate removal rates, flow rate, NO3- concentration and bed longevity 
dictate the required size of denitrification beds and their cost for construction. 
Nitrate removal rates (g m-3 d-1) in denitrification beds have often been measured 
using the difference of inlet and outlet NO3--N concentration (∆NO3--N) 
multiplied with the flow rate (m3 d-1) and divided by the bed volume (m3), 
expressed by following equation: NO3--N removal rate = ∆NO3--N x FR / Vbed 
(Schipper et al., 2010a). Average removal rates of operational denitrification beds 
have ranged between 1.8 g N m-3 d-1 (Robertson et al., 2005a) and 9.7 g N m-3 d-1 
(Schipper et al., 2010b; Table 2.1). In some of these beds, NO3--N was completely 
removed (Schipper et al. 2010b; Robertson et al., 2005a; Woli et al., 2010; Elgood 
et al., 2010), which likely constrained the NO3- removal rates. Generally, when 
the average NO3- removal rates of denitrification beds (g m-3 d-1) were converted 
to the units of NO3- removal rates reported for constructed wetlands (g m-2 d-1), 
denitrification beds supported higher NO3- removal rates than wetlands which 
range between 0.68 g N m-2 d-1 and 2.52 g N m-2 d-1 (Vymazal, 2006).  
 
The temporal variability in flow rates and inlet NO3- concentrations in real world 
field applications make calculating NO3--N removal rates difficult (Schipper et al., 
2010a). In systems with fluctuating flows and loads the outlet concentration of 
NO3--N of a denitrification bed does not always correspond to the inlet 
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concentrations of NO3--N, when measured at the same time because of the travel 
time of the water from inlet to outlet. Hence, developing a relatively simple 
approach for measuring reliable NO3- removal rates (2.1.3) in denitrification beds 
is essential. It is also important to determine the factors controlling the NO3- 
removal (2.2.2). 
 
2.2.1.2 Denitrification and other processes that remove nitrate 
 
There are a range of processes that can remove NO3- from aquatic systems 
including denitrification, DNRA, anammox, absorption, biotic uptake and/or 
precipitation (Schipper et al., 2010a). Apart from denitrification, NO3- uptake by 
plants is an important mechanism for removal of NO3- in constructed wetlands, 
but is not necessarily a sustainable NO3- removal mechanism (unless plant 
biomass is harvested and removed), because the N can re-enter the wetland after 
plants drop litter and decomposition occurs (Vymazal, 2006). Many studies have 
assumed that microbial heterotrophic denitrification is the dominant NO3- removal 
mechanism in denitrification beds (Robertson et al., 2000; Greenan et al., 2006 
and 2009; Robertson, 2010; Schipper et al., 2010a; Moorman et al., 2010).  
 
There is some evidence to support this assumption. Robertson et al. (2000) and 
Robertson (2010) found that δ15N-NO3- increased between inflow and outflow in 
two denitrification beds, and also in columns packed with woodchips from 
denitrification beds. They attributed this increase in δ15N-NO3- to denitrification. 
This change in δ15N-NO3- can not be due to anammox or DNRA, because of low 
NH4+ concentration (< 1 mg N L-1) and also not due to immobilization, as Mariotti 
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et al. (1982) demonstrated that immobilization do not fractionate NO3- isotopes. 
Moorman et al. (2010) performed a push-pull test injecting a 20% 15N-NO3- 
solution into a denitrification wall and measured a NO3- removal rate of 35.8 g N 
m-2 d-1. These authors proposed that the decrease in 15N-NO3- was primarily due to 
denitrification, because similar NO3- removal rates were measured using the 
acetylene inhibition method. Greenan et al. (2006) and Gibert et al. (2008) used 
15N labelled NO3- in woodchip column studies and showed that less than 5% of 
NO3--N were removed by DRNA. Furthermore, Greenan et al. (2009) showed that 
NO3--N immobilization accounted for 2 – 3.5% of NO3--N removed. Additionally, 
NH4+ concentrations in most operating beds are low further suggesting that 
DNRA is not a significant contributor to NO3- removal. These arguments and the 
fact that denitrification beds meet all the conditions for rapid denitrification 
proposed by Firestone and Davidson (1989) make it likely that denitrification is 
the main NO3- removal mechanism; however, direct measurements of 
denitrification end products (N2 and N2O) have not been made so far to confirm 
this hypothesis. 
 
2.2.2 Factors controlling NO3- removal in denitrification beds 
 
It is important to understand the factors controlling NO3- removal and other 
microbial processes that compete for C (2.2.3) in denitrification beds. In future 
knowledge of the factors controlling denitrification rates and processes competing 
for available organic C may allow manipulation of denitrification beds to enhance 
the NO3- removal rates, the carbon use efficiency and to reduce the potential 
adverse effects of the denitrification beds. In general, factors controlling microbial 
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denitrification are temperature, DO, pH, availability of C, number of denitrifying 
bacteria and concentrations of NO3-, NO2- and S2- (Seitzinger et al., 2006).  
 
Carbon is the electron donor for denitrification and usually the limiting factor for 
denitrification in anaerobic and NO3- rich environments (Knowles, 1982; Reddy et 
al., 1982) as present in denitrification beds. In column studies examining a range 
of substrates for use in denitrification beds, high NO3- removal rates corresponded 
with high dissolved TOC concentrations during start-up phases of the experiments 
(Soares and Abeliovich, 1998; Greenan et al., 2009, Cameron and Schipper, 
2010). However, denitrifying activity measurements using the acetylene inhibition 
method in denitrification walls (woodchip bioreactors treating groundwater) by 
Schipper et al. (2005), and Moorman et al. (2010) showed no increase of 
denitrifying activity, when glucose alone was added. Schipper et al. (2005) 
suggested that the lack of response of denitrifying enzyme activity following 
glucose addition in woodchip samples of a denitrification wall was likely due to 
low NO3- concentration (5 – 15 mg NO3--N L-1 in the incoming groundwater 
(Schipper and Vojvodic-Vukovic, 2001)). It is necessary to determine whether C 
is limiting denitrification in denitrification beds. 
 
Nitrate is the electron acceptor of the denitrification process (Tiedje, 1988). In 
woodchip column studies, Robertson et al. (2010) showed that NO3- removal 
followed zero-order kinetics, when NO3- concentrations were above 1 mg L-1, 
which means that increasing NO3- concentration did not increase the rate of NO3- 
removal and consequently NO3- concentration was not limiting NO3- removal. The 
inlet NO3- concentrations in operating denitrification beds are often greater than 
the Km values of denitrification measured in riparian soils (2.1 mg L-1 and < 0.1 
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mg L-1) (Schipper et al., 1993; Ambus, 1993) and wetland soils (0.4 mg L-1 -1.3 
mg L-1) (Maag et al., 1997) (Table 2.1). Therefore nitrate removal in 
denitrification beds is probably not limited by NO3- concentration at the inlet end. 
However, it is likely that NO3- limits the NO3- removal process, when NO3- 
becomes depleted along the length of denitrification beds (Table 2.1). However, 
measurements of NO3- limitation of the NO3- removal process in operating 
denitrification beds are lacking.  
 
The pH of many operating denitrification beds is within the range of the optimum 
for denitrifiers (7 – 8) (Bremner and Shaw, 1958; Knowles 1982). Decreases in 
pH have been measured in a number of denitrification beds (Robertson et al., 
2005a; Van Driel et al., 2006; Robertson and Merkley, 2009), which is likely due 
to fermentative CO2 and organic acid release. Nitrification would also decrease 
the pH producing hydronium ions (H3O+), which is unlikely due to low levels of 
oxygen in the beds. However, the denitrification reaction produces hydroxyl ions 
and should increase pH. DNRA also increase the pH consuming H3O+ ions. 
Therefore the pH depends on the dominating process in the beds. 
 
In most natural environments, oxygen is the main inhibitor of the denitrification 
as denitrifiers will preferentially use O2 rather than NO3- as terminal electron 
acceptor (Tiedje, 1988). The concentration of DO that inhibits denitrification 
varies between ecosystem studies. In a comparative study of denitrification in 
aquatic environments, Pina-Ochoa and Alvarez-Cobelas (2006) suggested a DO 
threshold for denitrification of about 0.5 mg L-1. Laboratory studies showed that 
DO concentration of 2 mg L-1 reduced the denitrification rate by 85% in activated 
sludge material (Oh and Silverstein, 1999). In a denitrification bed study, Healy et 
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al. (2006) reported that denitrification was inhibited by DO concentration above 
3.7 mg L-1 and Robertson et al. (2009) measured a sharp decline of DO in the first 
four meters of a denitrification bed and could not detect any DO inhibition of the 
NO3- removal process. The low DO sensitivity of the NO3- removal process in 
denitrification beds (Healy et al., 2006, Robertson et al., 2009) may due to the 
substrate of the beds. Aerobic microbial activity on the external surface of the 
woodchips could have consumed the oxygen dissolved in the effluent inside of the 
woodchips, providing internal anoxic microsites for denitrifiers, despite the 
oxygen present in the effluent between the woodchips. Gradients of oxygen 
concentrations in flocs of activated sludge were measured by Lens et al. (1995) 
and Schramm et al. (1999) and the resulting occurrence of denitrification within 
the flocs and nitrification outside of the flocs was observed by Satoh et al. (2003). 
Further measurements have to be performed to confirm the extent to which DO 
inhibits NO3- removal in denitrification beds. 
 
Biological reactions generally increase with increasing temperature until an 
optimum temperature is reached. The optimum temperature for denitrification in 
soil ranges from 25 °C to 37 °C (Lensi and Chalamet, 1982; Saad and Conrad, 
1993; Braker et al., 2010). Knowles et al. (1981) proposed a doubling of 
denitrification rate in soils, when the temperature increase is 10 °C between 10 °C 
and 35 °C. This is expressed as Q10 of 2, where Q10 is the factor of the reaction 
rate increase with every 10 °C rise in temperature. The temperature dependence of 
the NO3- removal has also been shown in denitrification beds (Robertson et al., 
2008; Robertson et al., 2009; Elgood et al., 2010). Robertson et al. (2008) 
determined an extremely high Q10 of 10 in a column study using sawdust from a 
15 year-old denitrification wall, whereas Elgood et al. (2010) and Cameron and 
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Schipper (2010) calculated a Q10 of 2 in an in-stream denitrification bed and a Q10 
of 1.6 in a long-term woodchip barrel study, respectively. Furthermore, Cameron 
and Schipper (2010) reported that the temperature sensitivity of the NO3- removal 
process varied between different types of C substrates, which were likely due to 
different degradability of C substrates and the distinct bacterial communities of 
these substrates. Further studies of Q10 in operational denitrification beds and 
different substrates need to address their NO3- removal - temperature sensitivity. 
Better information on the relationship between denitrification, temperature and 
carbon substrate will ensure the optimum sizing of denitrification beds for specific 
temperature, C substrates and NO3- loads. 
 
2.2.3 Microbial processes that compete for C in denitrification beds 
 
Heterotrophic microorganisms in terrestrial and aquatic ecosystems compete with 
denitrifiers for C as electron donor (Madigan, 2003). Consequently, almost all 
processes that consume C (aerobic respiration, fermentation and anaerobic 
respiration) will reduce potential denitrification and NO3- removal in 
denitrification beds. However, some fermentative processes, which degrade 
complex carbon compounds may increase availability of carbon for denitrifiers. 
 
When DO is present, aerobes will also compete with denitrifiers for available C 
and denitrification would be confined to anaerobic microsites in the carbonaceous 
media (Schipper et al., 2010a). This is only critical in a bioreactor with short 
retention times, but not in large denitrification beds with longer retention times 
due to the rapid consumption of DO near the inlet (Robertson, 2010, Robertson et 
Chapter 2 A Review of Microbial Processes and Nitrate Removal in Denitrification Beds  
 
 
 
33 
al., 2009). The retention time required to decrease DO concentration from 7 mg L-
1 to 2 mg L-1 was 1 hour in a column study with woodchips of varying age 
(Robertson, 2010) and Robertson et al. (2009) measured a sharp decrease of DO 
in the first 4 meters of a denitrification bed.  
 
Sulfate is present in many effluents and could support sulfate reduction in 
anaerobic environments, which compete with dentitrification for available C. 
Some studies have reported decreases in SO42- concentration and an odour of H2S 
which provided evidence of S2- production when concentration of NO3- was very 
low (van Driel et al., 2006; Robertson and Merkley, 2009; Robertson, 2010; 
Elgood et al., 2010). Therefore it is likely that SO42- reducers are present in 
denitrification beds and can compete for available C, when NO3- concentration is 
very low. Sulfate reduction will probably not occur, when NO3- concentration is 
high, because the energy yield of NO3- reduction for microorganisms is greater 
than of SO42- reduction (Madigan, 2003).  
 
DNRA is likely to be a minor process in denitrification beds. Rütting et al. (2011) 
proposed that DNRA is controlled by the C/NO3- ratio and the redox status of 
soils. Yin et al. (1998) showed that significant DNRA occurred only at a C/NO3− 
ratio above 12. In general DOC concentrations are below 10 mg/L in 
denitrification beds. Consequently, the NO3- concentration has to be below 1 mg 
L-1 to provide conditions for significant DNRA activity. The high NO3- 
concentration and the recalcitrant carbon source will likely lead to a low DNRA in 
denitrification beds. Scott et al. (2008) showed a DNRA activity only during 
summer below 5% of N removed in a freshwater wetland. Furthermore, DNRA 
contributed only about 5% to the NO3--N removal in column studies with different 
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carbon substrates being tested for use in denitrification beds (Greenan et al., 2006; 
Gibert et al., 2008).  
 
The microbial processes occurring in denitrification beds have not been fully 
examined. In particular, the total carbon release of the bed has to be compared 
with total nitrate removed to estimate the quantity of carbon consumed by 
denitrification. The heterotrophic denitrification process releases theoretically 
about 5 CO2-C per 4 NO3--N consumed (Robertson et al., 2000). This approache 
would allow an estimation of the proportion of carbon consumed by denitrifiers in 
the denitrification bed. This could be expressed as carbon consumption efficiency 
of a denitrification bed. Additionally, the ratio of denitrifying bacteria to total 
bacteria could be measured in future studies for rapid comparison of the carbon 
consumption efficiency. 
  
2.2.4 Alternative carbon substrate for denitrification beds 
 
The type of the C substrate used in denitrification beds is very important. The 
organic substrate acts as an electron donor for denitrification, provides bacteria 
with carbon for cell growth, and is apart from the treated effluent the main 
composition of the bacterial culture media. Therefore, a wide range of C 
substrates (wood, newspaper, wheat straw, green waste, corn stalks, corn cobs, 
rice husk, soil, cotton) have been tested in laboratory scale studies (Vogan, 1993; 
Healy et al., 2006; Greenan et al., 2006 and 2009; Gibert et al., 2008; Saliling et 
al., 2007; Robertson, 2010; Della Rocca et al., 2005; Soares and Abeliovich, 
1998; Aslan and Türkman, 2004; Shao et al., 2008; Volokita et al., 1996 a and b; 
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Cameron and Schipper, 2010). Measured rates of NO3- removal have ranged from 
3 g N m-3 d-1 (woodchips; Cameron and Schipper, 2010) to 96 g N m-3 d-1 (rice 
husk; Shao et al., 2008). Wood material has been predominantly used in 
denitrification beds because it has a high C/N ratio, high permeability, long 
durability, low costs and ready availability (Robertson and Anderson, 1999). 
Some other C substrates (wheat straw, green waste, corn cobs, corn stalks, cotton, 
rice husk) have shown, on average, greater NO3- removal rates than wood 
byproducts (Cameron and Schipper, 2010; Della Rocca et al., 2005; Shao et al., 
2008; Greenan et al., 2006; Saliling et al., 2007). However, the usefulness of some 
alternative C substrates for use in denitrification bed has often only been 
examined in short term laboratory studies. Typical start-up effects of these studies 
include high NO3- removal rates due to initially high release of organic carbon 
(Soares and Abeliovich, 1998 Greenan et al., 2009 and Cameron and Schipper, 
2010) that do not prediction of the long term NO3- removal rates from these 
substrates. However, Cameron and Schipper (2010) found in a long term study (2 
years) that corn cobs were able to remove 3 to 6.5 times more NO3- than 
woodchips without any substantial decrease in hydraulic conductivity. These NO3- 
removal and hydraulic conductivity measurements have been promising but 
adverse effects, carbon consumption efficiency and factors controlling NO3- 
removal of these C substrates have not been examined and should be determined 
before installation in denitrification beds. 
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2.2.5 Longevity of denitrification beds 
 
Determining the longevity of denitrification beds is important for adequate 
maintenance and estimation of costs of these beds. The longevity of denitrification 
beds is determined by ongoing C supply to denitrifiers to sustain NO3- removal 
and degree of C substrate decay to maintain reasonable hydraulic conductivity. 
 
Robertson et al. (2008) showed that a 15-year old denitrification wall still 
removed NO3-, but the removal rate had decreased from 7 g N m-3 d-1 to about 4 g 
N m-3 d-1. Similarly, Long et al. (2011) showed that another denitrification wall 
removed almost all the inflowing NO3- from the groundwater. Long et al. (2011) 
estimated longevity of 66 years of the denitrification wall calculated from the 
observed C decay. Half lives of denitrification wall material (mixtures of wood 
material) taken from different depth were measured by Moorman et al. (2010). 
The estimated half lives of bioreactor material determined by weight loss over 
time ranged from 4.6 years near the surface to 36.6 years deeper in the wall. It was 
likely that aerobic microbial processes caused the relatively shorter life of the 
wood material near the surface of the denitrification wall. Mass balance 
calculations with woodchips of varying ages from a denitrification bed treating a 
stream also showed the potential for a long life time of denitrification beds. 
Denitrification has consumed only 10% of the carbon mass in the bioreactor after 
7 years (Robertson, 2010). There is only one study of changes in hydraulic 
conductivity through time of different C substrates for denitrification beds 
(Cameron and Schipper, 2010). Cameron and Schipper (2010) suggested that the 
decrease of hydraulic conductivity in a 2 year study of different carbon substrates 
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was due to gas bubble formation beneath substrate particles rather than carbon 
substrate deterioration. 
 
However, further research about ongoing carbon availability of denitrification 
beds and changes in hydraulic conductivity due to decay of wood material are 
needed to confirm the proposed long life time of denitrification beds.  
 
2.2.6 Potential adverse effects 
 
Potential adverse effects of denitrification beds include greenhouse gas production 
(N2O and CH4) and release of organic carbon to receiving waters. N2O emission is 
the adverse effect of most concern, because it is likely to be produced as an 
obligate intermediate of the denitrification process (Fig. 2.2; Tiedje, 1988). N2O 
contributes 6% to the anthropogenic greenhouse effect and has the longest 
atmospheric resident time (150 years) of all GHG (IPPC, 2001). Additionally, 
N2O contributes 25% to ozone degradation in the stratosphere, which causes the 
ozone hole (Fabian, 1992). Methane is produced only by methanogenic archae 
bacteria (methanogenesis) under anaerobic conditions (Madigan, 2003). Methane 
contributes around 20% to the anthropogenic greenhouse effect. The atmospheric 
resident time of CH4 is relatively low (9 – 15 Years), but has 25 times more global 
warming potential than CO2 (IPPC, 2006). Carbon dioxide production is not an 
issue in denitrification beds because C substrate used in denitrification beds is C-
neutral (C originally came from atmosphere) and would likely be degraded to CO2 
if used for other purposes. 
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A further potential adverse effect is the release of dissolved carbon from 
denitrification beds to receiving waterways. Excess dissolved carbon in aquatic 
environments can potentially harm these ecosystems by reducing the dissolved 
oxygen (DO) concentrations (Cox et al., 2003). 
 
All these potential adverse effects have to be determined to evaluate the overall 
benefits and disbenefits of denitrification beds. 
 
2.2.6.1 Nitrous oxide release 
 
There are only three studies investigating potential N2O production in 
denitrification beds. Greenan et al. (2009) measured dissolved N2O concentration 
in the outflow of woodchip substrate columns, which on average was less than 
0.033% of NO3--N removed. Elgood et al. (2010) and Moorman et al. (2010) 
determined about a magnitude higher dissolved N2O production in their field 
studies. Elgood et al. (2010) measured dissolved N2O in the outflow of a 
denitrification bed treating a stream. This bed removed 0.6% of NO3--N as N2O-N 
while Moorman et al. (2010) measured that 0.84% of the NO3--N removed was 
released as dissolved N2O-N from a denitrification wall treating agricultural 
drainage. The N2O-N productions of these field bioreactors (Elgood et al., 2010, 
Moorman et al., 2010) are slightly greater than the N2O-N production measured in 
wastewater treatment plants (0.5% of the total N removed was released as N2O) 
and close to the IPCC emission factor (EF5) for N2O-N, which is 0.75% for N 
released in waterways (IPCC, 2006). Furthermore, Elgood et al. (2010) and 
Moorman et al. (2010) measured greater N2O production in colder months than in 
warmer months. These studies suggested that colder temperatures lead to slow 
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reaction rates and less inlet DO consumption in the wood substrate, which may 
increase incomplete denitrification and N2O production. Conversely, Teiter and 
Mander (2005) and Johansson et al. (2003) reported for constructed wetland 
greater N2O production in summer months due to higher denitrifying activity. 
Further studies are needed to clarify N2O production related to temperature in 
denitrification bed and column studies.  
 
Sulfide is an important factor that can increase N2O production. Sulfide inhibits 
the N2O reductase, which leads to increased N2O emission. Measurements of S2- 
have not been conducted in denitrification beds, but an decrease of SO42- and the 
odour of H2S has been reported when NO3- was almost depleted (van Driel et al., 
2006; Robertson and Merkley, 2009; Robertson, 2010; Elgood et al., 2010). 
 
It is important to include total N2O production from losses of both dissolved N2O 
and N2O emitted from the surface of the beds. Dissolved N2O can still be 
consumed by downstream denitrification. Below a certain NO3- concentration, 
more N2O will be consumed than produced by denitrification, which would lead 
to a reduction of dissolved N2O concentration. Therefore, the release of N2O to 
the atmosphere can vary between denitrification beds. Additionally, different 
surface atmosphere interactions will affect the N2O emission of denitrification 
beds. Consequently, it is necessary to measure the N2O emission of denitrification 
beds along with the dissolved N2O release in receiving waters and determine 
potential factors controlling N2O production. 
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2.2.6.2 Methane release 
 
Heterotrophic methane producing bacteria compete with denitrifiers and sulfate 
reducing bacteria for C as energy source. However, it is likely that methanogenes 
will be suppressed by NO3- and/or SO42- reducing bacteria in denitrification beds 
because of the low energetic yield of C reduction of the methanogensis (Madigan 
et al., 2003). Elgood et al. (2010) measured CH4 in a stream bed bioreactor when 
NO3- was almost depleted and Tanner et al. (1997) detected relatively high CH4 
production in some constructed wetlands. Therefore, it is important to determine 
CH4 production in denitrification beds.  
 
2.2.6.3 TOC loss 
 
The potential release of organic carbon from denitrification beds to receiving 
waters may cause impacts in aquatic ecosystems primarily by increasing microbial 
oxygen consumption, leading to DO depletion in the water column and sediments 
(Cox et al., 2003). Denitrifying woodchip bioreactors have been shown to release 
organic carbon particularly the first month of operation (Robertson and Cherry, 
1995; Robertson et al., 2005b, Schipper et al., 2010a). This start-up effect has also 
been reported in laboratory scale studies testing carbon substrates for denitrifying 
bioreactors (Soares and Abeliovich, 1998; Greenan et al., 2009 and Cameron and 
Schipper, 2010). There are a range of approaches that might reduce the leakage of 
organic carbon in receiving waters during the start-up phases of denitrification 
beds (Schipper et al., 2010a). Apart from initial losses of carbon, Robertson 
(2010) observed escalating DOC releases from woodchips of denitrification beds 
in a column study, when NO3--N concentrations decreased below 1 mg L-1. This 
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increasing DOC release was likely due to a decrease in carbon consumption by 
the denitrifiers, when they became NO3- limited. When alternative C substrates are 
examined for potential use in denitrification beds, organic carbon release should 
also be measured. 
 
2.3 Conclusions 
 
Denitrification beds seem to be very effective for removing NO3- from point 
source discharges. Denitrification beds filled with wood by-products have low 
installation and maintenance costs and have relatively high NO3- removal rates 
compared to other passive technologies. Additionally, it was shown that woodchip 
bioreactor can sustain NO3- removal for at least 14 years (Robertson et al., 2008, 
Long et al., 2011). However, NO3- removal rates have generally been measured as 
the difference between intlet and outlet concentrations of NO3-, but this approach 
may lead to either over- or underestimation of actual rates of NO3- removal. Many 
studies have suggested that microbial denitrification was responsible for NO3- 
removal in the beds, but direct evidence is lacking. Additionally, there are only 
few studies measuring adverse effects of denitrification beds, which are needed to 
evaluate the overall benefit of the beds and it is the first step for identifying 
mitigation approaches. Measurements of dissolved N2O release of the beds have 
generally been within the range of the IPPC emission factor for N2O-N release in 
waterways. However, these studies have not measured the N2O emission from the 
bed surface. Methane emissions have been observed in only one denitrification 
bed study, when NO3- was almost depleted and further data is required. Similarly, 
dissolved organic carbon release was a concern during start up phases of the beds 
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and when NO3--N concentration was below 1mg L-1. Controlling factors of NO3- 
removal and microbial processes that compete for available C have not been 
throughly examined in denitrification beds. Manipulation of factors controlling 
NO3- removal may enhance the NO3- removal of denitrification beds. There are 
many studies of alternative carbon substrates for denitrification beds. But 
measurement of potential adverse effects of alternative C sources has not been 
conducted.  
 
The key aspects to evaluate the net benefit of denitrification beds and to develop 
strategies to enhance NO3- removal and reduce potential adverse effects of 
denitrification beds are listed below and are addressed in this thesis.  
 
• It is important to develop an approach that measure reliable rates of NO3- 
removal and determine the mechanism for NO3- removal. The 
sustainability of the NO3- removal can be evaluated, when the mechanism 
for NO3- removal is established. Additionally, comparison of different 
techniques (2.1.3. a-e) for measuring denitrification rates help to use the 
appropriate techniques in ecosystems similar to denitrification beds. 
 
• Measuring potential adverse effects including N2O, CH4 and TOC release 
of denitrification beds in comparison to other passive technologies 
designed for NO3- removal is important to evaluate the overall benefit of 
the bed and to minimize potential problems of this technology. 
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• The longevity of denitrification beds should be determined by measuring 
the net carbon consumption (CO2, CH4 and TC release) of the bed. 
Additionally, the quantity of C consumption by microbial processes other 
than denitrification should be determined to evaluate the efficiency of the 
bed. This knowledge could be used to develop strategies to enhance 
denitrifying processes and reduce unwanted carbon consuming processes 
of bacteria. 
 
• Determining the factors controlling NO3- removal such as temperature, 
DO, pH, availability of C, number of denitrifying bacteria and 
concentrations of NO3-, NO2- and S2- would allow development of 
strategies to enhance the NO3- removal of the bed. 
 
• Alternative carbon substrates used in denitrification beds should be 
examined for adverse effects, longevity, carbon consumption efficiency 
and controlling factors before installations to evaluate the overall benefit 
of these substrates and to develop recommendations for bioreactor 
construction. 
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Chapter 3 
 
 
 
Rates, Controls and potential Adverse Effects of Nitrate 
Removal in a Denitrification Bed 
 
 
This chapter was published in “Ecological Engineering” and is presented in this 
thesis in journal format. 
 
Warneke, S., Schipper, L.A., Bruesewitz, D.A., McDonald, I., Cameron, S., 2011. 
Rates, controls and potential adverse effects of nitrate removal in a denitrification 
bed. Ecol. Eng. 37, 511-522. 
 
Research questions and experimental design were developed by Sören Warneke, 
Louis Schipper and Denise Bruesewitz. Sören Warneke performed field and 
laboratory work, interpreted the data and drafted the paper which was commented 
on by all co-authors. Louis Schipper and Stewart Cameron helped design the 
denitrification bed during construction and start up phase.  
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Chapter 4 
 
 
 
Nitrate Removal, Communities of Denitrifiers and 
Adverse Effects in Different Carbon Substrates for Use in 
Denitrification Beds 
 
This chapter was published in “Water Research” and is presented in this thesis in 
journal format. 
 
Warneke, S., Schipper, L.A., Matiasek, M.G., Scow, K.M., Cameron, S., 
Bruesewitz, D.A., McDonald, I., 2011. Nitrate removal, communities of 
denitrifiers and adverse effects in different carbon substrates for use in 
denitrification beds. Water Research 45, 5463-5475. 
 
Research questions and experimental design were developed by Sören Warneke, 
Louis Schipper and Denise Bruesewitz. Sören Warneke performed field and 
laboratory work, interpreted the data and drafted the paper which was commented 
on by all co-authors. Stewart Cameron and GNS Science provided the 
experimental set up (barrels). Michael Matiasek conducted the DNA work in the 
laboratory.
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Chapter 5  
 
 
 
 
A Comparison of different Approaches for Measuring 
Denitrification Rates in a Nitrate Removing Bioreactor 
 
This chapter was published in “Water Research” and is presented in this thesis in 
journal format. 
 
Warneke, S., Schipper, L.A., Bruesewitz, D.A., Baisden. T.W., 2011. A 
comparison of different approaches for measuring denitrification rates in a nitrate 
removing bioreactor. Water Research 45, 4141-4151. 
 
Research questions and experimental design were developed by Sören Warneke, 
Louis Schipper and Denise Bruesewitz. Sören Warneke performed field and 
laboratory work, interpreted the data and drafted the paper which was commented 
on by all co-authors. Troy Baisden analysed the effluent for δ15N-NO3-.
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6.1 Objectives, conclusions and future work 
 
As denitrification beds continue to be used to remove excess NO3- from point 
sources before discharge into sensitive aquatic ecosystems, it is critical to 
determine the mechanism of NO3- removal to evaluate the sustainability of 
denitrification beds. The controlling factors of NO3- removal were examined for 
future development of strategies to enhance the rates of denitrification, and to 
minimize the potential adverse effects of denitrification beds. Adverse effects 
such as GHG production and carbon loss were determined to evaluate the net 
benefit of this NO3- removing technology. Furthermore, it was necessary to 
develop a methodology for measuring denitrification rates in denitrification beds 
rather than calculating estimates of NO3- removal using changes in NO3- 
concentrations between inlets and outlets. Additionally, this study examined NO3- 
removal and microbial properties of 6 different carbon substrates (pine and 
eucalyptus woodchips, sawdust, green waste, maize cobs and wheat straw) in 
barrels (0.2 m3) prior to their use in full scale denitrification beds. 
 
The objectives and the conclusions achieved in this study are presented as 
follows. Resulting ideas of future work are also listed. 
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Objective a) Determine the NO3- removal rate in a large denitrification bed 
over a 12 month period and determine whether denitrification was the main 
mechanism for NO3- removal 
 
Monitoring of a large denitrification bed over a 12 month period measured a NO3-
-N removal rate of 7.6 g N m-3 d-1. In most cases, denitrification beds remove 
more NO3- from water discharges than other passive wastewater treatment 
technologies such as constructed wetlands (Vymazal, 2006). This thesis showed 
that NO3- removal by denitrification beds was predominantly due to denitrification 
rather than N immobilization or DRNA, because denitrification rates were 
determined from measurements of the end products (N2 and N2O) of the 
denitrification process and were sufficiently high to explain the measured NO3--N 
removal rate. The measured reduction from NO3- to non reactive N2 demonstrated 
that denitrification beds are a sustainable technology to remove NO3- from point 
source discharges.  
 
Objective b) Determine the environmental factors limiting NO3- removal and 
quantify any adverse effects in a large denitrification bed and for different 
carbon substrates 
 
Controlling factors 
Controlling factors of denitrification, including availability of C, DO, 
temperature, pH, number of denitrifying bacteria, and concentrations of NO3-, 
NO2- and S2- (Firestone and Davidson, 1989; Seitzinger et al., 2006) were 
measured in a denitrification bed, and in barrels (0.2 m3) filled with different 
carbon sources and incubated at two different temperatures.  
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Generally, denitrification was controlled by temperature and C supply. I 
calculated a temperature dependence of NO3- removal with a Q10 of 2 and 1.2 for 
the denitrification bed and the barrel study, respectively. NO3- removal followed 
zero-order kinetics and the availability of NO3- did not limit NO3- removal in the 
bed, probably because NO3- concentrations were above the known Km of 
denitrifiers (Barton et al., 1999). However, NO3- limitation was observed in the 
barrel study, when NO3- -N outlet concentrations were below 1 mg L-1.  
 
Dissolved oxygen was rapidly consumed in the denitrification bed and in the 
barrels and did not appear to inhibit denitrification.  
 
Furthermore, S2- as a potential inhibitor of the N2O reductase was almost always 
below the detection limit in the denitrification bed. However, previous studies of 
denitrification beds have reported a decrease of SO42- concentration and the odour 
of H2S, which suggested active SO42- reduction and the formation of S2- (Van 
Driel et al., 2006; Robertson and Merkley, 2009; Robertson, 2010; Elgood et al., 
2010). Therefore, S2- should be measured and managed in further denitrification 
bed studies to prevent high N2O emissions.  
 
As C availability limited NO3- removal, future studies should focus on increasing 
the microbially available C concentration in the denitrification beds. One 
approach could be the addition of a labile carbon substrate (e.g., maize cobs) to 
the woodchips of a denitrification bed. 
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Adverse effects 
Potential adverse effects of NO3- removal in denitrification beds include 
production and release of N2O, CH4 and DOC to the atmosphere and receiving 
waters.  
 
The N2O emission (1% of NO3--N removed) from the surface of the monitored 
denitrification bed was slightly greater than the IPCC emission factor for N 
released in waterways (EF5 = 0.75%; IPCC, 2006). But when the N2O emissions 
from the surface of the bed were combined with the release of N2O dissolved in 
the outflow of the bed, the total N2O release was about 4.3% of the removed NO3-
-N. Future work should investigate approaches to decrease the N2O release of 
denitrification beds. One approach to reduce N2O release would be to optimise the 
size of the bed. The bed should be large enough to decrease the NO3- 
concentrations below a threshold where the accumulated dissolved N2O will be 
used as an electron acceptor by denitrifiers and reduced to N2 gas. This unknown 
threshold of NO3- concentration should be determined in future studies. 
 
Furthermore, I observed that N2O release from the denitrification bed increased 
during warmer seasons. Similarly in the barrel study, warm incubated barrels 
(27.1 °C) released on average seven times more dissolved N2O than cold 
incubated barrels (16.8°C). Additionally, the ratio of nitrite reductase gene 
(nir)/nitrous oxide reductase gene (nosZ) copies increased with increasing 
temperature in the substrates examined. Therefore, it was likely that the 
production of N2O increased (from reduction of nitrite) more than the reduction of 
N2O to N2 with increasing temperature, which possibly explaining the higher N2O 
release from warm barrels than cold barrels. Further studies should investigate the 
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correlation between ratio of nir/nosZ and temperature in different environments to 
understand observations of increasing N2O emissions with increasing temperature 
(Teiter and Mander, 2005 and Johansson et al., 2003).  
 
Methane release from the denitrification bed was very low, probably due to the 
high NO3- concentrations throughout the bed. However, methanogens competed 
successfully with denitrifiers for available carbon in the barrel study, when NO3--
N concentrations were below 2 mg L-1.  
 
Further studies on the ideal outlet NO3- concentration from denitrification beds to 
limit GHG production should be conducted and construction sizes of 
denitrification beds may be adapted to achieve the desired NO3- concentrations. 
NO3- concentration close to the outlet should be sufficiently low to reduce 
dissolved N2O to N2 during denitrification, but sufficiently high to prevent CH4 
emissions. 
 
The denitrification bed filled with woodchips had no net release of DOC, but the 
barrel study showed that some carbon substrates such as maize cobs released high 
concentrations of carbon. Dissolved organic carbon release has to be considered 
when carbon substrates other than wood by-products are used in denitrification 
beds.  
 
Studies should be performed that test the combination of different C substrates in 
denitrification beds to provide the denitrifiers with sufficient available C to 
maximise NO3- removal rates, while ensuring that all dissolved C is consumed by 
microorganisms before the water leaves the denitrification bed. 
Chapter 6 Conclusions and Outlook 
 
 
 
99 
Objectives c) and d) Determine the most suitable natural C substrate for 
growth of denitrifying bacteria. Estimate the lifetime of the C substrate in a 
denitrification bed, and the C use efficiency of the NO3- removal in a 
denitrification bed 
 
I evaluated different carbon substrates in the barrel study for possible 
implementation in denitrification beds. Wheat straw removed more NO3- than 
woodchips, but released 10% of the removed NO3--N as N2O. Maize cobs 
removed more NO3- than all other carbon substrates examined, but released TOC 
in the outflow and a substantial amount of carbon consumption by non-denitrifiers 
was likely as there was a relatively low ratio of denitrification gene copies/16S 
rRNA copies. This barrel study showed that wood substrates had moderate NO3- 
removal rates, and were an ideal medium for denitrifiers as there was a relatively 
high ratio of denitrification gene copies/16S rRNA copies suggesting a large 
proportion of the microbial population was dominated by denitrifiers. 
 
Furthermore, longevity of the denitrification bed in my study was about 39 years 
as calculated from the total C losses including CO2 emissions and release of 
dissolved CO2 and DOC from the bed and support the estimated long life times of 
woodchip bioreactors (Moorman et al., 2010; Long et al., 2011). Additionally, the 
C consumption in the woodchip substrate of the denitrification bed was mainly 
due to microbial denitrification.  
 
Summarizing, woodchips supported a relatively high ratio of denitrification gene 
copies to 16S rRNA copies, a long life time, relatively low adverse effects and a 
moderate NO3- removal rate. These findings suggest that wood by-products should 
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be used as the base substrate in denitrification beds. But addition of other carbon 
substrates such as maize cobs could enhance TOC availability and consequently 
increase NO3- removal rates without necessarily increasing adverse effects 
substantially in the denitrification bed. Future studies are needed to confirm the 
benefit of maize cob addition to woodchips in a denitrification bed. 
 
Objective e) Develop a more reliable approach for measuring NO3- removal 
rates in operational denitrification beds 
 
Finally, this thesis compared four different methods to determine denitrification 
rates in denitrification beds. The DRN2 method, which measured dissolved N2 and 
dissolved N2O concentrations along the length of the denitrification bed allowed 
calculation of a denitrification rate which was close to the measured NO3- removal 
rate. This method was also relatively quick to implement. This approach will be 
useful for determination of denitrification rates and NO3- removal rates of 
denitrification beds and possibly for aquatic environments with high 
denitrification activity and even flow. Future application of this technique may 
allow for areas of higher denitrifying activity to be localized, which may lead to 
changes in bed construction (depth and length of the bed).  
 
The DRPP approach, which measured production of 15N2 and 15N2O after 
enrichment with 15NO3- at a defined location in the denitrification bed, using 
push-pull technique (Addy et al., 2002), was time consuming and expensive. It 
would be an enormous effort to use the push-pull technique to obtain a reliable 
average of denitrification rates along the length of a denitrification bed. 
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Nevertheless, this approach might be useful to determine denitrification rates at 
specific locations in NO3- rich environments (e.g., Addy et al., 2002). 
 
I also determined denitrification rates (DRNA) by comparing the slopes of the 
increase of δ15N-NO3- and decrease of dissolved δ15N-N2 along the length of the 
bed. However, the calculation of DRNA required knowledge of the NO3--N 
removal rate to determine the proportion of NO3- removed by denitrification. 
Therefore this method is less useful for determining denitrification rates, but could 
be used to determine the extent of denitrification in a nitrate removing system. 
 
The most widely applied approach to measure denitrification rates are in lab 
acetylene inhibition measurements (DRAI) (Groffman et al., 2006). These 
measurements overestimated NO3- removal in the denitrification bed, but were 
useful to determining whether denitrification was C or N limited (Tiedje et al., 
1989). Furthermore, I showed that the acetylene inhibition method and the copy 
number of Σ(nirS; nirK) were good approaches to compare NO3- removal activity 
in different denitrifying systems.  
 
In summary, results of this thesis suggest that denitrification beds were a useful 
passive approach for removing NO3- from point source discharges, with a great 
potential for further optimization. However, ways must be found to reduce the 
N2O production of these beds. 
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Appendix 
 
 
 
 
 
Nitrate Removal from three different effluents using 
large-scale denitrification beds 
 
 
My contribution to the following paper was provision of data and review of paper. 
 
Schipper, L.A., Cameron, S.C. and Warneke, S. (2010). Nitrate removal from 
three different effluents using large-scale denitrification beds. Ecol. Eng. 36, 
1552–1557. 
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